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Linking Bluegill and Gizzard Shad Prey Assemblages to
Growth of Age-0 Largemouth Bass in Reservoirs
JAMES E. GARVEY1 AND ROY A. STEIN2
Aquatic Ecology Laboratory, Department of Zoology, The Ohio State University
1314 Kinnear Road, Columbus, Ohio 43212, USA
Abstract.—Either gizzard shad Dorosoma cepedianum or bluegills Lepomis macrochirus dominate
prey assemblages in many small (,100 ha) Ohio reservoirs. Because gizzard shad spawn early
in the spring and their offspring grow rapidly, age-0 gizzard shad may be invulnerable to age-0
largemouth bass Micropterus salmoides, thereby compromising this piscivore’s growth and, po-
tentially, recruitment. To test this hypothesis, we quantified growth, abundance, and diets of age-
0 largemouth bass in reservoirs dominated by age-0 bluegills (one reservoir) or age-0 gizzard shad
(two reservoirs) during June through early October 1992–1994. In the bluegill-dominated reservoir,
age-0 largemouth bass grew slowly (about 0.04 g/d) during June through mid-August. Though
age-0 bluegills became abundant after mid-August, contributing to rapid growth (about 0.2 g/d)
of age-0 largemouth bass, these age-0 largemouth bass only reached small to moderate sizes by
fall (range of mean wet weights, 3–7 g). In the reservoirs dominated by gizzard shad, summer
growth and fall sizes of largemouth bass varied among systems and years. During one summer in
one shad-dominated reservoir, an early rise in temperature plus small age-0 gizzard shad probably
contributed to rapid growth (;0.12 g/d) and large fall size (mean wet weight, 10.8 g) of age-0
largemouth bass. More commonly, age-0 largemouth bass grew slowly or moderately (;0.06 g/d).
However, fall sizes of largemouth bass always were equivalent to or exceeded those in the bluegill-
dominated reservoir (range of mean wet weights, 3–11 g). Our results suggest that growth of age-
0 largemouth bass should vary more in systems dominated by gizzard shad than in bluegill-
dominated ones. Management efforts that increase gizzard shad vulnerability during early summer
may reduce this variability, thereby enhancing first-summer growth and, potentially, recruitment
success of largemouth bass.
Aquatic communities often contain organisms
that, through biotic interactions such as predation,
exert strong effects on species assemblages (Paine
1966; Carpenter et al. 1987; Power 1990; Mittel-
bach et al. 1995). These interactions can occur
among adult life stages. More typically, for those
organisms experiencing high mortality during ear-
ly life (such as fishes), strongly interacting species
influence growth and survival of early life stages,
thereby dictating adult abundance and, hence,
community structure.
In small, highly productive reservoirs (,100 ha)
in North America, omnivorous gizzard shad Dor-
osoma cepedianum often are abundant (Grinstead
et al. 1978; Ploskey and Jenkins 1982; Johnson et
al. 1988) and, at multiple life stages, can regulate
reservoir communities. As juveniles (.25 mm in
total length, TL), gizzard shad and a closely related
species, threadfin shad Dorosoma petenense, often
reduce zooplankton (Ziebell et al. 1986; Dettmers
and Stein 1992, 1996; DeVries and Stein 1992),
potentially compromising growth and survival of
1 Present address: Queen’s University, Department of
Biology, Kingston, Ontario K7L 3N6, Canada.
2 Corresponding author: stein4@osu.edu
planktivorous larval fishes that simultaneously re-
side in the open water (Jenkins 1957; Kirk et al.
1986; Guest et al. 1990; DeVries et al. 1991;
DeVries and Stein 1992; Stein et al. 1995; Dett-
mers and Stein 1996). In Ohio reservoirs, abun-
dances of age-0 gizzard shad and sunfishes (pri-
marily bluegills Lepomis macrochirus) are nega-
tively related (DeVries and Stein 1992; Garvey et
al. 1998), probably due to competitive interactions
in concert with abiotic and biotic factors that re-
duce age-0 bluegill survival while improving giz-
zard shad success in reservoirs (Stein et al. 1995,
1996; Bremigan and Stein 1997; Garvey 1997).
Variability in abundances of age-0 bluegills and
gizzard shad can influence growth of age-0 large-
mouth bass Micropterus salmoides, a dominant pis-
civore in many systems (Swingle and Smith 1940;
Dillard and Novinger 1975; Storck 1986; Olson
1996). Though predators can modify prey com-
munities through direct effects (i.e., removal of
prey by consumption: Hrbacek et al. 1961; Brooks
and Dodson 1965) and indirect effects (suppress-
ing foraging by prey: Cerri and Fraser 1983), fac-
tors such as size structure (Mills et al. 1989; Bre-
migan and Stein 1994) and species composition
(Noble 1975; Lemly and Dimmick 1982; Confer
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and Lake 1987) of prey assemblages can influence
predator growth. Because age-0 gizzard shad typ-
ically grow rapidly, they often reach sizes ex-
ceeding gapes of age-0 largemouth bass, thus pre-
venting consumption (Olmstead 1974; Noble
1981; Storck 1986; Hambright et al. 1991). Con-
versely, age-0 bluegills often remain vulnerable
during early life, substantially enhancing growth
of age-0 largemouth bass during their ontogenetic
switch from macroinvertebrates to piscivory (Tim-
mons et al. 1980; Keast and Eadie 1985; Bettoli
et al. 1993; Olson 1996). Hence, in systems where
gizzard shad are abundant and bluegills are rare,
gape-limited, age-0 largemouth bass may grow
slowly (DeVries et al. 1991; Stein et al. 1995; Gar-
vey et al. 1998). In systems where gizzard shad
are rare or absent and age-0 bluegills are abundant,
age-0 largemouth bass should switch to bluegills,
grow rapidly, and reach large sizes by fall (DeVries
et al., 1991; Stein et al. 1995; Garvey et al. 1998).
Because greater fall size probably improves over-
winter survival (Gutreuter and Anderson 1985;
Miranda and Hubbard 1994a, 1994b; Ludsin and
DeVries 1997), substantial differences in absolute
growth of age-0 largemouth bass by fall between
reservoirs dominated by gizzard shad and those
dominated by bluegills should translate to over-
winter survival differences as well.
To explore complex factors that influence vari-
able growth of age-0 largemouth bass in reservoirs
dominated by gizzard shad or bluegills, we quan-
tified growth, abundance, and diets of largemouth
bass as a function of size structure and abundance
of age-0 prey fishes in three Ohio reservoirs during
spring through fall 1992, 1993, and 1994. Through
intensive sampling, we determined how growth of
age-0 largemouth bass varied across systems con-
taining different prey communities, inferring from
these patterns their relative recruitment success.
Methods
Study reservoirs.—To quantify growth and diets
of age-0 largemouth bass (henceforth, all fish are
age-0 unless otherwise specified) as well as prey
fish dynamics in a system where littoral gizzard
shad were absent, we sampled fishes in Hargus
Lake (59 ha; Pickaway County, central Ohio), a
moderately clear (mean annual secchi depth across
3 years, 1.5 m), eutrophic reservoir with abundant
littoral zone vegetation (often 100% cover con-
sisting of mostly waterwillow Justicia americana
and cattail Typha spp.). Though adult gizzard shad
probably were stocked into Hargus Lake and, thus,
were present during 1993 and 1994, age-0 gizzard
shad were not abundant, apparently never surviv-
ing beyond the larval stage (Garvey et al. 1998;
this study). To explore dynamics of littoral large-
mouth bass and prey fish in systems with abundant
gizzard shad, we surveyed littoral fishes in Ko-
kosing Lake (65 ha; Knox County, north central
Ohio) and Stonelick Lake (69 ha; Clermont Coun-
ty, southern Ohio), two turbid reservoirs (mean
annual secchi depths, 0.4 and 0.5 m, respectively)
where gizzard shad densities have been typically
high each year (Bremigan et al. 1991; DeVries et
al. 1991; Dettmers and Stein 1992; DeVries and
Stein 1992; Garvey et al. 1998). In Kokosing Lake,
inshore vegetation was usually absent; Stonelick
Lake contained moderate abundances of emergent
vegetation including Typha spp.
Sampling.—In each year during early June
through early October, we quantified sizes and
abundances of littoral fishes every 1–2 weeks by
seining (9-m bag seine, 3-mm mesh) three fixed,
25–40-m inshore transects (one haul per transect),
one each located near the downstream end, middle,
and upstream end of each reservoir. For each seine
haul, we identified all fishes, measured total
lengths of at least 50 randomly chosen fish of each
species, and counted unmeasured individuals. We
also weighed (nearest 0.1 g, wet weight) at least
10 largemouth bass per seine site, stratifying these
measurements across the range of largemouth bass
sizes within each sample. During all 3 years, we
froze at least 10 fish per seine site for diet analysis.
In Hargus Lake, seining efficiency for largemouth
bass generally declined by late summer. Thus, in
1994, we sampled largemouth bass for size esti-
mates by electrofishing areas near the three fixed
seine sites on October 13 in this reservoir. For each
date, weights of unweighed largemouth bass were
estimated by using least-squares regression models
(all significant, P , 0.05; ranges of r2 values,
0.92–0.99) derived from loge(x)-transformed
lengths and weights of largemouth bass measured
on the same date.
Temperature.—Because temperature strongly
influences growth of largemouth bass (Niimi and
Beamish 1974; Rice and Cochran 1984), we re-
corded temperatures at our downstream site (near
the dam) on each sampling date during June
through mid-September. To compare temperatures
among systems and years, we used analysis of co-
variance (ANCOVA) with year and reservoir as
main effects and sampling date as the concomitant
variable (type III sum of squares; Neter et al.
1990). Means within significant main effects were
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compared with Scheffe´’s multiple-comparisons
test (Neter et al. 1990).
Abundance of largemouth bass.—Relative abun-
dance of largemouth bass across years and reser-
voirs (catch per unit effort, CPE) was standardized
as the number of largemouth bass caught per meter
of inshore seining transect. Within each year, we
compared mean largemouth bass CPE during each
sampling week (treating seine sites as fixed rep-
licates within each reservoir) by using repeated
measures analysis of variance (ANOVA), in which
the main effect was reservoir (type III sum of
squares; generalized linear model (GLM) proce-
dure; SAS Institute 1983). If data for the three
reservoirs did not fall into a common sampling
week, we were unable to include them in the re-
peated measures ANOVA. We could not combine
data across years to test for a year effect because
reservoirs were sampled at different intervals dur-
ing each year. Data for CPE were loge(x 1 1) trans-
formed before analyses because of the presence of
extreme values.
Growth of largemouth bass.—During each year,
growth rates (g/d) of largemouth bass for each res-
ervoir were estimated as slopes of linear regres-
sions of sampling date (independent variable) ver-
sus the dependent variable, largemouth bass
weight (g wet weight; as per Olson 1996). Because
we expected growth rates of largemouth bass to
change substantially as the diet changed from ma-
croinvertebrates to fish, we used a continuous two-
phase regression technique to determine if growth
rates of largemouth bass changed significantly dur-
ing each year (Nickerson et al. 1989; also see Ol-
son 1996). This technique iteratively fitted re-
gressions through the growth data before and after
each observation on the time axis, finding the pair
of regressions that produced the lowest combined
residual sum of squares. By using F-tests, we de-
termined whether these two-phase regressions for
growth significantly reduced residual sum of
squares relative to single linear regressions for
each reservoir and year (Olson 1996). If two-phase
regressions did not significantly improve regres-
sion model fits, we concluded that growth could
be characterized by a single growth rate. After
determining which regression model was appro-
priate, we tested the significance of each regression
with an F-test (Nickerson et al. 1989; Neter et al.
1990). During each year, we compared growth
rates (i.e., slopes) of largemouth bass between res-
ervoirs during the first growth phase (generally
before August 15) and, during the second growth
phase, if applicable, with two-tailed t-tests for un-
equal variances (Sokal and Rohlf 1981), in which
we adjusted our type I error rate (Bonferroni-ad-
justed a, 0.025/15 5 0.002) for all possible pair-
wise comparisons of reservoirs within years.
In addition to estimating growth rates, we com-
pared sizes of largemouth bass between reservoirs
at the end of each sampling season. By choosing
dates when samples for reservoirs were robust and
overlapped (September 15), we estimated sizes
(grams wet weight) of largemouth bass with our
regression models and adjusted variances (Neter
et al. 1990). As with growth rates, we compared
size estimates between reservoirs with two-tailed
t-tests for unequal variances (Sokal and Rohlf
1981), in which we adjusted our type I error rate
(Bonferroni adjusted a, 0.025/7 5 0.004) for all
possible pairwise comparisons of reservoirs within
years. Though our regressions adequately char-
acterized growth during the entire season, inspec-
tion of residuals indicated that these models often
underestimated sizes of largemouth bass on the
first sampling date of each year. To compare sizes
of largemouth bass across reservoirs during early
summer, we compared weights on the first sam-
pling week in which largemouth bass in all three
reservoirs were captured (1992: Hargus 5 July 23,
Kokosing 5 July 15, Stonelick 5 July 16; 1993:
Hargus 5 July 9, Kokosing 5 July 8, Stonelick 5
July 6; 1994: Hargus 5 June 25, Kokosing 5 June
27, Stonelick 5 June 28) with a two-factor ANO-
VA (type III sum of squares; main effects 5 res-
ervoir, year). Pairwise comparisons of main effects
means were conducted with a post-hoc Tukey’s
multiple-comparison test (SAS Institute 1983).
Abundance of prey fishes.—We estimated the
availabilities of bluegills and gizzard shad, the
most abundant prey fish in many Ohio reservoirs
(Johnson et al. 1988; DeVries et al. 1991), to large-
mouth bass. By using known relationships between
sizes of largemouth bass and their preferred sizes
of gizzard shad and blugill prey (Timmons et al.
1980; Hoyle and Keast 1987; Michaletz 1997b),
we assumed that largemouth bass generally con-
sume lengths (mm, TL) of bluegills and gizzard
shad that are less than or equal to 33% and 50%
of their TL, respectively. With these relationships,
we then compared overlap of length of each large-
mouth bass with length distributions of available
gizzard shad and bluegill prey within each seine
haul on each date. We then calculated the mean
number of bluegills and gizzard shad available (as
number/m seine haul; CPE) for all largemouth bass
at each seine site. As with largemouth bass abun-
dance, we compared mean CPE for bluegills and
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gizzard shad each sampling week (treating seine
sites as fixed replicates within each reservoir) by
using repeated measures ANOVA in which the
main effect again was reservoir (type III sum of
squares; GLM procedure; SAS Institute 1983). As
with our analysis of largemouth bass abundance,
if data for the three reservoirs did not fall into a
common sampling week, we were unable to in-
clude them in the repeated measures ANOVA.
These CPE data were loge(x 1 1) transformed be-
fore analysis.
Largemouth bass diets.—Characterizing diets of
largemouth bass provides quantitative insight into
patterns of prey use and, ultimately, of growth. To
quantify diets, stomachs of largemouth bass were
removed, all taxa were identified to Family when
possible, and total biomass (wet weight, mg) was
estimated by using body dimension–weight rela-
tionships to calculate individual item weights (for
macroinvertebrates: Smock 1980; G. G. Mittel-
bach, Kellogg Biological Station, Michigan State
University, unpublished data; zooplankton: Du-
mont et al. 1975; Culver et al. 1985; prey fish:
Wahl and Stein 1991). For each item, we measured
the appropriate body dimensions (e.g., head depth,
body length; measurements ranged 0.05–1.5 mm)
required for each regression by using a dissecting
microscope at 253 power with digitizing equip-
ment (SigmaScan 1992). We then converted each
measurement to wet weight (see Garvey et al.
1998). If mostly digested, fish in diets often were
identified from vertebral counts, which were
unique to each species (Holland-Bartels et al.
1990). For each date, we then explored general
dietary patterns of largemouth bass by pooling di-
etary items into three categories: zooplankton, ma-
croinvertebrates, and fish. First, we calculated rel-
ative proportions (by wet weight, mg) of each cat-
egory within each largemouth bass and then av-
eraged these proportions across all largemouth
bass within each reservoir and date.
Results
Temperature Differences
Within years, temperatures did not differ among
reservoirs and did not vary with sampling date
(Figure 1; ANCOVA: reservoir and date, P .
0.05). However, temperatures differed among
years (Figure 1; ANCOVA: year, F 5 7.5, df 5
2, 91, P , 0.05); 1993 and 1994 temperatures
were, on average, 2.68C and 1.88C warmer, re-
spectively, than 1992 temperatures (Figure 1;
Scheffe´’s multiple comparison: P , 0.05). Tem-
peratures did not differ between 1993 and 1994
(Figure 1; Scheffe´’s multiple comparison: P .
0.05).
Abundance of Largemouth Bass
During 1992 and 1994, relative CPE of large-
mouth bass did not differ among reservoirs
through time (Figure 2; repeated measures ANO-
VA: 1992 and 1994, both reservoir and time, P .
0.05). Conversely, during 1993, CPE of large-
mouth bass differed among reservoirs through
time (Figure 2; repeated measures ANOVA: 1993,
reservoir, F 5 5.5, df 5 2, 25; time, F 5 2.8, df
5 5, 25; P , 0.05 for both effects). A significant
interaction between time and reservoir effects
might have occurred because a disproportionately
large number of largemouth bass were seined on
one date in Hargus Lake, and CPE of largemouth
bass increased during the season in Kokosing Lake
(Figure 2; repeated measures ANOVA: time 3 res-
ervoir interaction, F 5 5.3, df 5 10, 25, P , 0.05).
In summary, relative abundances of largemouth
bass were generally low and variable among res-
ervoirs and years.
Largemouth Bass Growth
Patterns of largemouth bass growth within res-
ervoirs differed across years. We categorized
growth in reservoirs as either ‘‘slow’’ (#0.071
g/d) or ‘‘fast’’ ($0.121 g/d; Table 1). In 1993 and
1994, growth of largemouth bass in Hargus Lake
increased substantially from slow in early sum-
mer to fast by early August (Figure 3A; Table 1;
two-phase versus single regression: 1993, F 5
51.1, df 5 1, 169; 1994, F 5 4.2, df 5 1, 182;
P , 0.05 for both tests). We could not quantify
growth beyond early August 1992 because no
largemouth bass were captured. Hence, a single
regression adequately modeled slow growth dur-
ing June through August 1992 (Figure 3A; two-
phase versus single regression: 1992, F 5 2.5, df
5 1, 61, P . 0.05), which was similar in mag-
nitude to other years (Figure 3A; Table 1). In
Kokosing Lake during 1992 and 1993, large-
mouth bass grew slowly during early summer;
95% confidence intervals for mean growth rates
overlapped zero by late summer (Figure 3B; Table
1; two-phase versus single regression: 1992, F 5
6.0, df 5 1, 131; 1993, F 5 3.9, df 5 1, 126; P
, 0.05 for both tests). Conversely, Kokosing
largemouth bass grew rapidly throughout the sea-
son in 1994 (Table 1) with no apparent shift in
growth rates (Figure 3B; Table 1; two-phase ver-
sus single regression: 1994, F 5 1.4, df 5 1, 140,
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FIGURE 1.—Temperatures (0.5 m depth) quantified at dam sites on each sampling date during June through mid-
September 1992–1994 in Hargus, Kokosing, and Stonelick lakes, Ohio. Dashed lines indicate the optimal tem-
perature for age-0 largemouth bass feeding at maximum rates (Hewett and Johnson 1992).
P . 0.05). Largemouth bass grew slowly but con-
stantly in Stonelick Lake during 1992 and 1994;
conversely, they grew rapidly with no shift in
growth rate during 1993 (Figure 3C; Table 1; two-
phase versus single regression: 1992, F 5 1.5, df
5 1, 14; 1993, F 5 1.5, df 5 1, 25; 1994, F 5
1.3, df 5 1, 55; P . 0.05 for all tests). In sum-
mary, patterns of growth were fairly consistent
in Hargus Lake with growth increasing rapidly
by fall. Conversely, in both Kokosing Lake in
1994 and Stonelick Lake in 1993, largemouth
bass grew about 200% faster relative to other
years.
When growth among reservoirs was compared,
growth rates differed for all but one of the pairwise
comparisons (Figure 3A–C; Table 2; t-tests for
slopes). Before the second growth phase (generally
before mid-August) during all 3 years, largemouth
bass grew slowly in Hargus Lake relative to Ko-
kosing and Stonelick lakes (Figure 3A–C; Table
2; t-tests of slopes). Relative differences in large-
mouth bass growth between Kokosing and Stone-
lick lakes varied across years during this time (Fig-
ure 3A–C; Table 2; t-tests of slopes). In contrast,
after mid-August, Hargus largemouth bass consis-
tently grew more rapidly than largemouth bass in
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FIGURE 2.—Mean 6 SE number of age-0 largemouth bass per meter of shoreline (N 5 3 seine transects per
reservoir per weekly sampling date) in three Ohio reservoirs during June–October 1992–1994.
TABLE 1.—Mean growth rates (b1, g/d) and intercepts (b0) 6 95% confidence intervals from single or continuous
two-phase linear regressions for the independent variable time versus the dependent variable wet weight (y 5 b1x 1
b0) of largemouth bass in three Ohio reservoirs (N 5 number of fish). If two-phase regression models did not reduce
residual sum of squares relative to single regressions (F-test, P . 0.05), we concluded that growth rates for the first
growth phase adequately described growth during the entire season; hence, growth rates were not estimated with a
second regression (termed NA, not applicable). Except for the second growth phases for Kokosing Lake in 1992 and
1993 when mean growth rates overlapped zero, all regression models were significant (F-tests, P , 0.05). See Figure
3A–C for growth in wet weight.
Year
1st growth phase
b1 (g/d) b0 N
2nd growth phase
b1 (g/d) b0 N
Date of
growth
change
Hargus Lake
1992
1993
1994
0.036 6 0.009
0.032 6 0.013
0.048 6 0.016
25.8 6 1.8
24.9 6 2.7
27.9 6 3.2
65
156
117
NA
0.243 6 0.079
0.154 6 0.053
NA
255 6 20
235 6 15
NA
16
43
NA
19 Aug
8 Sep
Kokosing Lake
1992
1993
1994
0.064 6 0.024
0.054 6 0.014
0.121 6 0.034
210 6 4.8
29.2 6 4.9
221 6 7.2
82
79
144
20.016 6 0.098
0.013 6 0.058
NA
7.6 6 24
0.96 6 15
NA
53
51
NA
13 Aug
23 Aug
NA
Stonelick Lake
1992
1993
1994
0.052 6 0.023
0.135 6 0.026
0.071 6 0.009
27.1 6 5.6
224 6 5.5
211 6 2.0
18
29
59
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
either Kokosing or Stonelick lakes (Figure 3A–C;
Table 2; t-tests of slopes). After mid-August in
Kokosing Lake during all years, largemouth bass
grew more slowly than those in other reservoirs
(Figure 3A–C; Table 2; t-tests of slopes).
Differences in growth rates among reservoirs
did not necessarily translate to predictable sizes of
largemouth bass by fall. Growth rates of large-
mouth bass in other reservoirs often exceeded or
matched those of constantly growing largemouth
bass in Stonelick Lake during a portion of each
year (Figure 3A–C; Table 2). However, except dur-
ing 1994 when rapidly growing Kokosing large-
mouth bass were largest by fall, sizes of Stonelick
largemouth bass exceeded those in Hargus and Ko-
kosing reservoirs (Table 3; t-tests for sizes). In-
terestingly, these fall size differences had mani-
fested themselves by early summer. Stonelick
largemouth bass (mean grams wet weight 6 SD
for 1992, 1993, and 1994: 2.7 6 1.2, 2.1 6 4.0,
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FIGURE 3.—(A–C) Mean wet weights (g; see Table 1 for sample sizes and growth rates) of age-0 largemouth
bass at each sampling date during June–October 1992–1994 in (A) Hargus, (B) Kokosing, and (C) Stonelick lakes,
Ohio. Across reservoirs, years, and dates, the median SE was 28% of the mean daily weight. Unbroken lines are
predicted sizes of largemouth bass from the first growth phase of continuous two-phase regressions or from single
regressions (Table 1). Broken lines are predicted sizes from the second growth phase of two-phase regressions,
where applicable (Table 1). Except for the second-phase regressions for Kokosing Lake in 1992 and 1993, all
regression models were significant (F-tests, P , 0.05; Table 1). (D–I) Mean 6 SE CPE (number of fish/m of
shoreline) of (D–F) bluegills (BG) and (G–I) gizzard shad (GS) available to and smaller than gape limits of
largemouth bass on weekly sampling dates in Hargus, Kokosing, and Stonelick lakes, Ohio, during June–October
1992–1994 (N 5 3 seine transects per reservoir on each date).
and 1.5 6 0.5, respectively) were consistently larg-
er than those in Hargus Lake (1992–1994: 1.4 6
0.9, 1.1 6 0.5, and 0.7 6 0.2 g) and Kokosing
Lake (1992–1994: 1.8 6 1.2, 0.9 6 0.3, and 0.9
6 0.3 g) across years (Figure 3; two-way ANOVA:
Reservoir, F 5 12.1, df 5 2, 107; Year, F 5 10.8,
df 5 2, 107; P , 0.05 for both effects; reservoir
3 year, F 5 0.7, df 5 4, 107, P . 0.05). Mean
sizes of largemouth bass in reservoirs were ordered
as Stonelick Lake . Kokosing Lake 5 Hargus
Lake by late June–early July (Tukey’s multiple
comparisons, P , 0.05).
Available Prey Fishes
Available prey fish abundances as estimated by
CPE differed among reservoirs. By August 1993
and 1994, bluegill availability increased substan-
tially through time in Hargus Lake relative to Ko-
kosing and Stonelick lakes as indicated by signif-
icant reservoir and time effects (Figure 3D–F; re-
peated-measures ANOVA: 1993, reservoir, F 5
185.2, df 5 2, 5; time, F 5 6.8, df 5 7, 30; 1994,
reservoir, F 5 21.7, df 5 2, 6; time, F 5 20.3, df
5 4, 24; P , 0.05 for all effects in both tests) as
well as significant time by reservoir interactions
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TABLE 2.—Results of two-tailed t-tests comparing
growth rates (g/d) of largemouth bass each year between
Hargus (H), Kokosing (K), and Stonelick (S) lakes, Ohio.
Except for one pairwise comparison (denoted by *), t-tests
with a adjusted for multiple comparisons were significant
(P , 0.002). Relative magnitude of growth rates are com-
pared with logical operators (5, ., or , when compari-
sons were possible). If a second phase in growth did not
occur for both lakes within a comparison or if insufficient
largemouth bass were sampled (as for Hargus in 1992), a
t-test was not applicable (NA). See Table 1 for regressions
and Figure 3A–C for growth in wet weight.
Year
Reservoir
comparison t df
First growth phase (before mid-August)
1992 H , K
H , S
K 5 S
19.3
6.0
4.0*
145
81
98
1993 H , K
H , S
K , S
23.2
42.0
32.1
233
183
106
1994 H , K
H , S
K . S
46.2
24.0
32.9
259
174
201
Second growth phase (after mid-August)
1992 HK
HS
K , S
NA
NA
9.5
NA
NA
69
1993 H . K
H . S
K , S
21.6
10.7
26.0
65
43
78
1994 H . K
H . S
KS
7.5
20.5
NA
185
100
NA
TABLE 3.—Estimates (mean 6 SE) of wet weights (g) of largemouth bass on September 15 in Hargus (H), Kokosing
(K), and Stonelick (S) lakes, Ohio, from single or continuous two-phase regressions models. Pairwise comparisons of
these estimated mean sizes within each year were compared with two-tailed t-tests. All t-tests with a adjusted for
multiple comparisons were significant (t . 17 and df . 43 for all comparisons; P , 0.004). See Figure 3A–C for
growth in wet weight.
Year
Largemouth bass wet weight (g) for reservoir:
Hargus Lake Kokosing Lake Stonelick Lake
Relative fish sizes
by reservoir
1992
1993
1994
a
7.2 6 0.41
4.7 6 0.54
3.4 6 0.78
4.2 6 0.95
10.8 6 0.88
6.4 6 0.57
11.1 6 0.63
7.1 6 0.25
S . K
S . H . K
K . S . H
a No largemouth bass were captured during late summer 1992 in this reservoir.
(Figure 3D–F; repeated-measures ANOVA: 1993,
time 3 reservoir interaction, F 5 5.7, df 5 12,
30; 1994, time 3 reservoir interaction, F 5 14.4,
df 5 8, 24; P , 0.05 for both tests). When avail-
ability was greatest in Hargus Lake, about 30% of
the bluegills per seine haul were sufficiently small
to be vulnerable to largemouth bass. During 1992,
reservoirs did not differ in their relative abun-
dances of available bluegills though bluegill avail-
ability did increase slightly through time (Figure
3D–F; repeated-measures ANOVA: 1992, reser-
voir, P . 0.05; time, F 5 4.8, df 5 3, 18; P ,
0.05). As with our growth estimates, note that we
did not capture largemouth bass while seining in
Hargus Lake after the second week of August 1992
(Figure 3D). By fall, age-0 bluegills generally
were 30–50 mm TL in all reservoirs.
Because age-0 gizzard shad were not captured
in Hargus Lake during 1992–1994 (Figure 3G),
we did not include these data in our analysis. Dur-
ing 1992 and 1993 in Kokosing and Stonelick
lakes, abundances of available gizzard shad were
variable and did not differ (Figure 3H–I; repeated-
measures ANOVA: 1992 and 1993, both reservoir
and time, P . 0.05). During 1994 when large-
mouth bass grew rapidly in Kokosing Lake, giz-
zard shad were consistently more abundant
through time than in Stonelick Lake (Figure 3H–
I; repeated-measures ANOVA; reservoir, F 5 12.2,
df 5 1, 4, P , 0.05; time, P . 0.05). Except during
1994 in Kokosing Lake where, on average, 50%
of gizzard shad in seine hauls were vulnerable,
generally less than 1% of gizzard shad were vul-
nerable to largemouth bass. By fall, age-0 gizzard
shad were 50–90 mm TL in Kokosing and Stone-
lick lakes.
Largemouth Bass Diets
In Hargus Lake, relative proportions (per mg
wet weight) of zooplankton, macroinvertebrates,
and fish in diets through time were generally con-
sistent across years (Figure 4). Except during June
1994 when two largemouth bass consumed small
age-1 bluegill, largemouth bass during June of
each year in Hargus Lake consumed mostly zoo-
plankton and macroinvertebrates (Figure 4) in-
cluding cladocerans, copepods, and dipteran lar-
vae. During mid-July through early August, large-
mouth bass fed on both macroinvertebrates such
as odonates of the suborder Zygoptera and fish
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FIGURE 4.—Mean proportions (based on milligrams wet weight) of fish (filled), macroinvertebrates (hatched),
and zooplankton (clear) in diets of age-0 largemouth bass (N $ 4 largemouth bass/reservoir for 74% of dates) in
Hargus, Kokosing, and Stonelick lakes, Ohio, during June–October 1992–1994. Error values are not included.
Across reservoirs, years, dates, and items, the median SE was 37% of the mean proportion.
such as bluegills. By late summer, primarily blue-
gills were consumed (Figure 4).
Temporal patterns of diet composition in Ko-
kosing and Stonelick lakes differed markedly from
those in Hargus Lake. During spring 1992 and
1994 in Kokosing Lake, diets of largemouth bass
contained relatively high proportions of fish (most-
ly gizzard shad) and macroinvertebrates (Figure
4). Later, largemouth bass consumed primarily ma-
croinvertebrates and few fish or zooplankton (Fig-
ure 4). During 1993 in Kokosing Lake, fish (ex-
clusively bluegills) were less abundant in diets of
largemouth bass during spring and early summer
(Figure 4). Regardless of year, zooplankters and
macroinvertebrates consumed by largemouth bass
in Kokosing Lake included copepods, corixids,
and dipteran larvae. In Stonelick Lake, fish (ex-
clusively bluegills) were slightly more abundant
in largemouth bass diets during several dates in
1993 than in the other years (Figure 4). Through
fall 1992 and 1993, macroinvertebrates such as
corixids and dipteran larvae were most abundant
in diets of largemouth bass; conversely, in fall
1994, largemouth bass diets fluctuated between
zooplankton (e.g., Moina and Scapholeberis) and
macroinvertebrates (Figure 4).
Discussion
Previous work in Ohio reservoirs with threadfin
shad, gizzard shad, and bluegill prey (Bremigan
et al. 1991; DeVries et al. 1991) as well as in other
systems (see DeVries and Stein 1990 for review),
led Stein et al. (1995) to predict that age-0 large-
mouth bass should grow more slowly in systems
with gizzard shad than in those with abundant
bluegill. In our survey of three reservoirs across
3 years, these original predictions were unsup-
ported: gizzard shad presence in Kokosing and
Stonelick lakes did not consistently reduce sum-
mer growth and fall sizes of largemouth bass rel-
ative to Hargus Lake, our bluegill-dominated sys-
tem. Clearly, these predictions were overly sim-
plistic. Both summer growth and fall sizes of large-
mouth bass probably were driven by complex
processes including the timing of size-structured
interactions with prey fish assemblages.
Largemouth bass growth increases upon the di-
etary switch from macroinvertebrates to fish (Tim-
mons et al. 1980; Keast and Eadie 1985; Olson
1996) because of the relatively high energy content
and biomass of fish (Keast and Eadie 1985). For
age-0 piscivores, including largemouth bass in our
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reservoirs, the timing of this switch is driven by
their size relative to prey fish and then influences
summer growth (Miller and Storck 1984; Adams
and DeAngelis 1987; Wright 1993; Phillips et al.
1995; Olson 1996). Because size structure of prey
in reservoirs varied as a function of which species
of prey fish was dominant, prey availability to
largemouth bass varied, thus influencing large-
mouth bass growth.
In Hargus Lake, abundant bluegills should foster
rapid growth of largemouth bass. Indeed, growth
rates of largemouth bass increased from about 0.04
to 0.2 g/d between early and late summer, as the
largemouth bass reached sufficient sizes to con-
sume bluegills, results quite similar to those from
Michigan lakes (increasing from about 0.04 to
0.11g/d; Olson 1996). In Kokosing and Stonelick
lakes, we predicted poor growth of largemouth
bass relative to Hargus Lake fish. Surprisingly,
growth rates of largemouth bass in these two res-
ervoirs always exceeded those in Hargus Lake dur-
ing early summer. Though largemouth bass growth
in these reservoirs fell below that in Hargus Lake
in late summer, these systems often produced the
largest largemouth bass by fall. To account for
these differences, we must review patterns of
growth among reservoirs and years.
Growth of largemouth bass in our gizzard-shad-
dominated reservoirs was either consistently slow
or consistently fast. During years of consistently
slow growth in Kokosing Lake (1992, 1993) and
Stonelick Lake (1992, 1994), growth rates were
slower than those of piscivorous largemouth bass
during late summer in Hargus Lake (also see Olson
1996). However, growth rates in Kokosing Lake
always exceeded those in Hargus Lake during ear-
ly summer, due, in part, to a diet of fish. Even
though age-0 largemouth bass were piscivorous
during this time, their growth rates were still lower
than expected. In 1992, largemouth bass in Ko-
kosing Lake might have grown slower because
maximum scope for growth occurs at 26.58C
(Hewett and Johnson 1992) and the lake reached
this temperature only once during sampling. In
1993, fish were quite infrequent in diets of Ko-
kosing largemouth bass, thus, probably contrib-
uting only moderately to growth despite warmer
early summer temperatures. As in other studies
wherein prey fish declined in abundance or grew
to invulnerable sizes (Miller and Storck 1984;
Phillips et al. 1995) or low temperatures slowed
growth during the onset of piscivory (Buijse and
Houthuijzen 1992), this moderate early growth in
Kokosing largemouth bass decelerated by late
summer as gizzard shad availability declined and
fish disappeared from largemouth bass diets.
During slow-growth years in Stonelick Lake
(1992, 1994), largemouth bass grew through the
summer at rates similar to those in Kokosing Lake
without consuming fish. Because low-intermediate
densities of vegetation can increase the availability
of both fish and nonfish prey (Crowder and Cooper
1982; Savino and Stein 1982; Bettoli et al. 1992;
Brown and Lodge 1993), largemouth bass might
have foraged quite successfully on macroinverte-
brates in the moderately vegetated littoral zone of
Stonelick Lake, as compared with the extremely
sparse and extremely dense vegetation of Kokos-
ing and Hargus lakes, respectively. Even though
Stonelick largemouth bass grew slowly during
these years, they always were largest by fall. Mod-
erate, early summer growth might have contributed
to large fall sizes. However, largemouth bass in
Stonelick Lake were already 0.5–1.0 g larger than
Hargus or Kokosing largemouth bass by our first
sampling date. The relatively faster warming in
Stonelick Lake, our most southern reservoir, dur-
ing early spring might have led to earlier hatch
dates (Summerfelt 1975; Carlander 1977; Good-
game and Miranda 1993), which, coupled with fast
larval growth, then led to large sizes by early sum-
mer (Goodgame and Miranda 1993; Phillips et al.
1995).
During years of consistently rapid growth in Ko-
kosing Lake (1994) and Stonelick Lake (1993),
largemouth bass grew at rates similar to those of
late-summer, piscivorous largemouth bass in Har-
gus Lake. Indeed, piscivory probably contributed
to these growth patterns. During early summer
1994 in Kokosing Lake, largemouth bass con-
sumed mostly gizzard shad, which were highly
available relative to 1992 and 1993. Though fish
declined in largemouth bass diets by August 1994
as they had in 1992, gizzard shad remained vul-
nerable during June through mid-September due
to their relatively late appearance in spring and
small sizes through the summer (Garvey 1997).
Perhaps local patterns of spring warming or flood-
ing influenced gizzard shad hatch times, growth,
and survival that year (Michaletz 1997a). In ad-
dition, warm temperatures in 1994 in Kokosing
Lake overlapped the temperature for optimum
growth relatively often (Hewett and Johnson
1992), potentially facilitating growth. Though
available prey fish were never abundant in Stone-
lick, bluegills appeared in largemouth bass diets
on several dates during summer 1993, suggesting
that fish prey, abundant macroinvertebrates, and
80 GARVEY AND STEIN
warm summer temperatures combined to support
rapid growth.
In summary, summer growth in Hargus Lake
varied little among years: available age-0 bluegills
only appeared and contributed to rapid growth by
late summer, resulting in relatively small sizes of
largemouth bass by fall. Conversely, patterns of
growth in gizzard-shad-dominated systems varied
among years and reservoirs, as is characteristic of
these systems (Michaletz 1997b). In early summer,
the relatively early appearance (by about 1–3
weeks) of gizzard shad in Ohio reservoirs poten-
tially contributed to rapid growth rates and large
fall sizes of largemouth bass. However, this event
was rare, occurring during only 1 year in one res-
ervoir (Kokosing Lake), probably as late-hatched
gizzard shad grew slowly and the relatively warm,
early summer temperatures facilitated largemouth
bass growth. Bluegills might have contributed to
1 year of rapid growth in Stonelick Lake, though
mechanisms underlying this observed growth are
poorly understood. Generally, years of rapid sum-
mer growth in these gizzard-shad-dominated sys-
tems were rare. More commonly, largemouth bass
grew moderately because appropriate sizes of prey
fish were not abundant.
Though much of the summer growth could be
explained, it did not necessarily translate to pre-
dictable fall sizes. A consistent switch to piscivory
and rapid late-summer growth translated to only
moderate sizes by fall in Hargus Lake, often al-
lowing these fish to only ‘‘catch up’’ with mod-
erately growing largemouth bass in Kokosing
Lake. In Stonelick Lake, where largemouth bass
often maintained a size advantage throughout the
summer apparently without consuming fish very
frequently, factors influencing growth during the
first few weeks of life might have already dictated
the extent of growth by fall. Because large fall
sizes are likely to improve largemouth bass re-
cruitment to the second year of life (Adams et al.
1982; Gutreuter and Anderson 1985; Ludsin and
DeVries 1997), this lack of resolution between
summer growth and fall size compromises our
ability to predict the potential impact of differing
prey assemblages on largemouth bass recruitment
to the adult stock.
Management Implications
Rather than attempting to predict absolute sizes
of largemouth bass by fall, we recommend that
these small reservoir systems be managed by pre-
dicting how growth rates vary as a function of the
dominant prey fish assemblage. In the relatively
invariant bluegill-dominated system, differences
in life history schedules between largemouth bass
and their bluegill prey at these northern latitudes
may limit the absolute potential for growth by fall
(see Modde and Scalet 1985 for a similar argument
for adult largemouth bass and bluegills). Thus,
these systems cannot be managed to expedite the
switch to piscivory and the increase in first-sum-
mer growth of age-0 largemouth bass. Conversely,
subtle differences in the timing of appearance and
growth of gizzard shad may translate into different
consequences for growth of age-0 largemouth bass
(Michaletz 1997b). Because growth, production,
and timing of appearance of gizzard shad may be
linked to factors such as water level fluctuations
(Michaletz 1997a) as well as system productivity
and turbidity (Bremigan 1997), land-use improve-
ment at the watershed scale to reduce factors such
as phosphorus and turbidity will be necessary to
consistently reduce sizes of these gizzard shad
prey during early summer (Stein et al. 1996). In
addition, characteristics of largemouth bass pop-
ulations may be managed to increase the likelihood
of early piscivory and rapid growth. Because large
adult largemouth bass may spawn earlier than
small counterparts, increasing individual fish size
within the adult stock (e.g., through size limits)
can produce early hatched age-0 largemouth bass
that are large enough to switch to gizzard shad in
spring (Goodgame and Miranda 1993). Facilitating
early piscivory could increase fall sizes of large-
mouth bass each year while simultaneously re-
ducing the interannual variability in growth ap-
parently inherent to systems with gizzard shad. By
reducing variability, managers should be better
able to predict the potential for largemouth bass
growth each year, and from this, infer the likeli-
hood of recruitment success.
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